Diabetes induced during gestation has previously been demonstrated to increase adipose accretion in the fetal pig. The present experiment examined whether maternal diabetes alters the proliferation and differentiation of the fetal preadipocyte. Seven crossbred gilts were injected with alloxan (50 mg/kg) at d 75 of gestation to induce diabetes and seven additional gilts were injected with buffer (controls). All gilts underwent Caesarean section of d 105 of gestation. Cells obtained from adipose tissue of fetuses of diabetic swine (FDS) at d 105 of gestation demonstrated a greater ( P < .05) proliferative response (57%) and higher ( P < .05) rates of differentiation as determined by sn-glycerol-3-phosphate dehydrogenase (142% increase) and lipoprotein lipase (80% increase) activities than cells acquired from
Introduction
Previous work with pregnant swine has demonstrated that alloxan diabetes induced during pregnancy results in fetuses that develop macrosomia (large body weight for gestational age), hyperinsulinemia, and a twofold to threefold increase in lipid deposition (Ezekwe and Martin, 1980; Kasser et al., 1981) . The increase in lipid deposition has been shown to occur within the adipose tissue because of an elevation in the lipogenic rate (Kasser et al., 198l) , resulting in adipocyte hypertrophy. However, Hausman et al. (1982) J. Anim. Sci. 1995. 73:69-76 fetal pig from the diabetic mother. The cause of this apparent hyperplasia has not been elucidated.
Adipocyte size is a limiting factor for detection of adipocytes for assessment of cellularity (Hausman et al., 1980) . Many adipocytes are very small and may contain minute quantities of lipid, which precludes quantifying them with the rest of the adipocyte population. An elevation in lipogenic rate within fetal adipose tissue would permit detection of these differentiated but previously undetectable adipocytes using existing methodology. This hypertrophy would contribute to the elevation in the number of detectable adipocytes in the adipose tissue of fetuses of alloxan diabetic swine although actual events in preadipocyte proliferation and differentiation may not have been affected. Many of the observed effects of gestational diabetes on fetal adipose tissue could be the consequence of an induction of preadipocyte proliferation and differentiation by alterations in various endocrine or paracrine parameters. The present study was performed to determine whether the development of maternal alloxan diabetes alters the proliferation of cells within the fetal adipose tissue and their subsequent differentiation into adipocytes.
Methodology
AnimaI Procedures. Diabetes (Ezekwe and Martin, 1978; Ramsay et al., 1994) . Seven control gilts (mean BW = 173 rtr 6 kg) were injected with saline. Blood samples were collected 7 d after injection to confirm the development of diabetes by analysis of serum glucose and insulin concentrations. Gilts were maintained on a standard gestation diet throughout the study (corn-soy-based diet containing 14% crude protein and .65% lysine). All gilts were fed 1.82 kgid according to standard farm practice. Feed intake did not differ between treatment groups (data not shown).
Gilts underwent Caesarean section on d 105 of gestation according t o previously published procedures (Ramsay et al., 1984) . Blood samples were collected from a maternal uterine artery and from the umbilical veins of fetal pigs. Blood was permitted to clot and the serum was harvested. Fetal sera were pooled within each litter. One fetal pig was randomly selected from each uterine horn within each litter for utilization in isolated cell culture. One fetus from each litter was randomly selected for analysis of lipid composition of the carcass by ch1oroform:methanol extraction following grinding of the carcass. All animal handling procedures were approved by the Ohio State University Animal Care Committee and followed the appropriate guidelines.
Cell Culture Technique. The adipogenic activity of the sera was evaluated on cells derived from normal fetal pigs at d 105 of gestation. Cells obtained from the subcutaneous adipose tissue of fetal pigs from control and diabetic gilts at d 105 of gestation were used to directly evaluate the effects of maternal diabetes upon preadipocyte development. Adipose tissue was collected from fetal pigs by sterile dissection from the dorsal subcutaneous region between the first thoracic vertebrae, lateral to the dorsal midline. Stromalvascular cells (including preadipocytes) were isolated for cell culture according t o previously published procedures (Ramsay et al., 1989a,b) .
Briefly, tissue was minced into sections of approximately 1 mm2 with scissors and then incubated with 5 mLig of tissue of the' digestion buffer described by Bjorntorp et al. (1978) . A fivefold excess of buffer (room temperature) was added t o the digestion flask after 1 h of incubation at 37°C in a shaking water bath (90 oscillationsimin). Flask contents were mixed and filtered through nylon screens with 250-and 20-micron mesh openings to remove undigested tissue and large cell aggregates. The filtered cells were centrifuged at 500 x g for 10 min to separate the floating adipocytes from the pellet of stromal-vascular cells. The stromal-vascular cells were washed with media 199, centrifuged, and resuspended in plating medium.
Aliquots of the stromal-vascular fraction were removed, stained with Rappaport's stain, and counted on a hemocytometer. Stromal-vascular (Ramsay et al., 1994) . Radioimmunoassay for serum IGF-I from these animals has also been previously reported (Ramsay et al., 1994) .
Analyses of cultured cells were performed on d 15 of culture. Cytosolic protein concentrations of cell culture homogenates were determined according to Bradford ( 19 76). Cell number was quantified by Coulter counting as previously described (Ramsay et al., 1989a) .
Sn-glycerol-3-phosphate dehydrogenase ( GPDH; EC 1.1.1.8) activity was determined by a modification of the procedure of Wise and Green ( 19 78) as previously described by Ramsay et al. (1987a) . The activity of lipoprotein lipase (LPL; EC 3.1.1.34) was assessed according t o the procedures of Nilsson-Ehle and Schotz ( 19 7 6 1. These enzymes have been demonstrated to be associated with the differentiation of porcine preadipocytes (Ramsay et al., 1989a,b) . Lactate dehydrogenase (LDH EC 1.1.1.27) was assayed according to Neilands (Neilands, 1955) and served as an internal control because its activity is not associated with the process of preadipocyte differentiation. Assays were linear for sample concentration and time. Variations between duplicate determinations never exceeded 4% for the culture analyses.
Additional cultures were stained with oil Red 0 and Harris hematoxylin for histochemical evaluation of cellularity (Hausman et al., 1984) . The number of adipocyte clusters and the number of adipocytes per cluster were quantified for 10 microscopic fields at lOOx magnification.
Statistical Analysis. Data were subjected to analysis of variance with the detection of mean separation by Fisher's LSD test (SAS, 1988 ). Significant differences were defined at the 95% confidence level, unless otherwise indicated. Data are expressed as the mean * standard error.
Results
The data for the serum parameters from these animals have been previously published (Ramsay et al., 1994 (Ramsay et al., 1994) . Insulin concentrations within FCS were below the limits of detection of the insulin RIA (< 2.5 pU/mL) and concentration were above baseline in FDS (Ramsay et al., 1994) .
Sera from these pigs were tested on primary cultures derived from subcutaneous adipose tissue of fetal pigs at 105 d of gestation to evaluate the effects of the sera on differentiation of preadipocytes ( Table  2) . No significant differences were detected upon preadipocyte differentiation between sera from FDS and sera from FCS. Cell number and cytosolic protein content were unaffected by the source of fetal sera for primary cultures derived from adipose tissue of fetal pigs at d 105 of gestation. Incubation of cells with reference pig serum resulted in higher cell number ( P < .lo) and protein content ( P < .05) than when exposed to fetal sera.
Additional experiments were performed to determine whether the serum concentration used in these experiments was insufficient to permit detection of differences. Exposure of fetal cells to concentrations of serum ranging from 1 to 10% did not demonstrate any differences in adipogenic activity between serum from FDS and FCS (Figure 1) . Neither was there evidence of changes in the developmental pattern of expression, as indicated by similar levels of expression in response to the fetal test sera upon sequential analysis of primary cultures on d 5, 7, 9, 11, 13, and 15 ( Figure  2 ). Also, alloxan had no direct effects when supplemented to the serum in the cell culture medium at a concentration (.73 mg/mL of serum) comparable to the dilution within the maternal bloodstream (data not shown). Thus, the experiments were shifted to evaluation of the cells derived from adipose tissue of FDS and FCS to determine whether maternal diabetes causes changes within fetal preadipocytes that result in the reported in vivo alterations in adipose tissue development. Proliferative activity of cells derived from the adipose tissue of FDS was greater than the activity of cells obtained from FCS. Cell number was increased by 57% in cultures of cells from FDS in comparison t o cells from FCS when exposed to a reference swine serum (Table 3) . This larger population of cells was capable of a higher rate of differentiation, as exemplified by the elevated rates of GPDH and LPL activities, corrected for differences in cell number. Serum from FDS and FCS did not affect these differential cell responses between cultures derived from FDS and FCS (data not shown), verifying the data in Table 2 that could not demonstrate a differential effect of these sera on cells from normal fetuses. Histochemical analysis of cells in culture following exposure to sera from FDS and FCS did not indicate a specific effect of the test sera.
No differences in adipogenic activity between sera from FDS and FCS were apparent histochemically. Adipocytes accumulated limited amounts of lipid when exposed to these fetal sera (data not presented). However, adipocyte clusters within cultures derived from the adipose tissue of FDS were more numerous (Figure 3a vs Figure 3b ) and adipocytes within each cluster were more numerous than adipocytes in cell cultures derived from FCS (Figures 3c and 3d) . Test sera were screened on primary cultures derived from adipose tissue of fetal pigs at d 75 of gestation, the period of diabetes induction, to determine whether serum factors were operating in a transitory or temporal fashion to induce the change in preadipocyte activity observed later at d 105 of gestation. Incubation of primary cultures containing porcine preadipocytes from fetuses at d 75 of gestation with the test sera resulted in an increase ( P < . 0 5 ) in preadipocyte differentiation as monitored by GPDH and LPL activity ( Table 4) . Cell number and protein content of cultures exposed to sera from FDS were numerically increased, although not statistically significant, compared with cell number and protein content of cultures incubated with sera from FCS. Activity of GPDH in cultures exposed to sera from FDS was increased by approximately 50%, and LPL activity was increased by 34% in comparison t.o cultures exposed to sera from FCS.
Discussion
Alteration in the cellularity of neonatal adipose tissue as a consequence of maternal gestational diabetes has been attributed to changes in cellular metabolism that result in hypertrophy of the adipocytes. The Pederson hypothesis has proposed that excess glucose is transported from the maternal circulation, through the placenta and into the fetal circulation (Pederson and Osler, 1961) . Elevation of Although insulin levels in FDS are elevated compared with those in control fetuses, the levels are scarcely above background for the RIA Ramsay et al., 1994) . The low serum concentration of insulin in the fetal pig raises the question of the relative role of serum insulin in altering glucose metabolism to produce an increase in tissue synthesis in the fetus. This is especially true for swine, because this species is relatively insensitive to the actions of insulin in comparison to other species. Insulin stimulation of glucose incorporation into lipids is typically less than 50% for pigs (Mersmann, 1989) and at most results in a doubling of lipogenesis in postnatal porcine adipose tissue (Etherton and Chung, 1981) . In contrast, rat adipose tissue produces an 8-to 10-fold increase in lipogenesis in response to insulin stimulation (Hansen et al., 1983) . We cannot exclude the possibility of this small change in plasma insulin interacting with the elevation in serum glucose to produce a synergistic effect on lipogenesis, although we have not previously been able to demonstrate an effect of insulin on fetal adipose tissue in swine (Ramsay et al., 1987b) . Instead, an increase in serum glucose concentration may be directly responsible for the reported changes in adipocyte metabolism within FDS that result in increased lipid accretion (Kasser et al., 1981; Ramsay et al., 1994) . Mersmann and Hu (1987) have demonstrated that glucose concentration in the range of sera from FCS (2.0 mM) and FDS (5.2 can have a significant effect on rates of lipid synthesis within adipocytes. However, the differences in glucose concentration may have been insufficient to produce macrosomia in the present study, especially when combined with the very low insulin levels. Previous studies have reported higher glucose concentrations in serum of FDS (Ezekwe and Martin, 1980; than in the serum used for these experiment (Ramsay et al., 1994) .
Serum IGF-I is elevated in FDS in comparison to FCS (Ramsay et al., 1994) . Insulin-like growth factor I has been demonstrated t o be an adipogenic agent for porcine and rat preadipocytes (Deslex et al., 1987; Hausman, 1989; Ramsay et al., 1989a,c) .
However, alterations in fetal serum produced by maternal diabetes did not affect the net adipogenic activity of the serum as determined on cell cultures derived from adipose tissue of fetal pigs at d 105 of gestation (Table  2) . Also, mitogenic activity of the fetal serum was not affected by the induction of maternal diabetes when evaluated on cell cultures derived from porcine adipose tissue at d 105 of gestation. These data suggest that the difference in concentrations of IGF-I between sera from FDS and FCS are insufficient to elicit a difference in preadipocyte responses in vitro. Alternatively, other factors such as the insulin-like growth factor binding proteins (IGFBP) may be present in the fetal serum and may inhibit a differential response to IGF-I by fetal preadipocytes. Insulin-like growth factor bindiEg protein have been identified within serum from fetal pigs during the latter half of gestation (McCusker et al., 1988; Lee et al., 1993) . A third possibility is that because IGF-I is only one component of the total adipogenic activity of serum, many of the other adipogenic factors in serum may not be affected by maternal diabetes.
Unlike the fetal serum, maternal diabetes produced alterations within the cell population of the developing adipose tissue, which resulted in the formation of a larger subpopulation of cells susceptible to proliferation and subsequent differentiation into adipocytes as determined in primary culture in the present study. This effect was probably not a direct effect of alloxan upon the cells in vivo because alloxan had no effects on proliferation or differentiation in primary cultures derived from normal fetal adipose tissue. Rather, cellular regulatory mechanisms must have been affected within the fetal adipose tissue in response to the changes in maternal metabolic and endocrine status. Thus, the reported apparent hyperplasia of adipocytes within the adipose tissue of the fetus of diabetic swine (Hausman et al., 1982) is not just the result of hypertrophy of previously undetectable adipocytes. The increase in deposition of adipose tissue in FDS seems to be the consequence of an increase in preadipocyte proliferation and differentiation within the developing adipose tissue, as well as the previously reported metabolic alterations that result in hypertrophy (Kasser et al., 1981) . Maternal diabetes may induce presumptive preadipocytes in the fetal subcutaneous connective tissue to become committed to the adipocyte lineage. This phenomenon would permit the comparative hyperplasia of adipocytes in vitro in the present study and the hyperplasia and hypertrophy of adipocytes that has been observed within the adipose tissue of FDS (Hausman et al., 1982) . Induction of maternal diabetes at d 75 of gestation seems to be sufficiently early during the formation of adipose tissue in the fetal pig to elicit changes in development of the presumptive preadipocyte.
The alterations in the development of the presumptive preadipocyte as a result of the metabolic and endocrine perturbations of maternal diabetes most likely occur through adipogenic factors within the bloodstream or through alterations in paracrinel autocrine factors; neural factors do not seem to have a significant effect on the development of adipose tissue in the fetal pig (Ramsay et al., 1987b) . However, the first experiment was unable to demonstrate that sera from FDS at d 105 of gestation alters development of preadipocytes derived from fetuses of that age in comparison to sera from control fetuses. Zezulak and Green (1 986) have proposed that cells in primary cultures of rodent adipose tissue may not be sensitive to adipogenic stimulation by growth hormone because they are beyond commitment. This hypothesis may be applied to preadipocytes from fetal pigs during late gestation; many of these cells within the subcutaneous adipose tissue may be beyond commitment and thus insensitive to some specific adipogenic stimuli. Previous studies have indicated that adipose tissue from the fetal pig contains its full complement of adipocytes by parturition at d 114 of gestation (Vodovar and Desnoyers, 19781 , which supports this possibility. Only a small pool of preadipocytes may remain for postnatal development.
Therefore, the last experiment was performed using adipose tissue from fetal pigs at d 75 of gestation to determine whether maternal diabetes in swine produces alterations in the adipogenic activity of fetal serum that can influence presumptive preadipocytes during the early development of the fetal adipose tissue prior to commitment and while few adipocytes are apparent (Hausman and Kauffman, 1986) . Use of sera from fetuses at 105 d of gestation on cells derived from fetuses at d 75 of gestation resulted in an alteration in the proportion of cells that differentiated within the culture system. The higher level of LPL activity in association with a much lower total cell number indicates that a higher proportion of cells entered the differentiation program and were removed from the proliferative pool than cells in cultures from fetuses at d 105 of gestation. Previous studies have demonstrated that as an animal ages, the population of preadipocytes that can be induced to differentiate and thus be removed from the replicative pool decreases (Bjorntorp et al., 1982) ; the data from cell cultures of adipose tissue of 75-d-old fetuses vs those THE FETAL PREADIPOCYTE 75 from cell cultures of tissue from 105-d-old fetuses are in agreement with that hypothesis (Table 4 vs 2). The higher rate of cell proliferation observed within the adipose tissue of the FDS at d 105 of gestation in vitro could not be duplicated by supplementation of sera from these animals to cultures of cells from d 75 of gestation. Induction of preadipocyte differentiation within the adipose tissue of the fetus will be primarily controlled by the genetics of the animal, but with some interactions of paracrine agents within the developing tissue, along with some effect of endocrine factors. The inability of serum from FDS to alter the development of porcine preadipocytes collected at d 105 was surprising, because the preadipocytes from FDS themselves seem to have undergone some change that resulted in more rapid proliferation and greater differentiation. In contrast, diabetic sera did alter development of cells from normal swine at d 75. The only known mechanism by which the maternal status might affect the fetal pig during the second half of gestation is through alteration of fetal blood parameters. The endocrine system of the fetal pig undergoes dramatic changes during the last trimester of gestation (Herbein et al., 1977) . Thus, interaction of this changing endocrine profile with the presumptive preadipocytes during the early development of the fetal adipose tissue seems to produce a response different from that of preadipocytes and adipocytes from late in gestation. Alternatively, a transient change in paracrine secretions by the cells within the developing adipose tissue may exist to account for the observed differences between cells derived from adipose tissue at 75 and 105 d of gestation. This study indicates that maternal diabetes may elicit changes within the fetal adipose tissue by humoral mechanisms other than by alterations in glucose supply. Previous studies have not examined this possibility directly. Data from the present study support previous histological observations of adipose tissue of fetuses from diabetic pigs. The factors that may induce this alteration in preadipocyte development are unknown and will require extensive investigation using culture techniques on cells derived from presumptive adipose tissue during early fetal development, rather than current methodologies that use postnatal or perinatal adipose tissue.
Implications
Diabetes induced during gestation has been demonstrated to increase adipose accretion in the fetal pig. The present study indicates that maternal diabetes causes inherent changes in the preadipocyte fraction of cells within the developing adipose tissue, resulting in formation of more adipocytes and thus permitting greater capacity for lipid accumulation in the growing fetus of the diabetic pig. These inherent alterations in the preadipocyte result from the activity of serumborne factors that function during the initial development of the diabetic state but do not affect the preadipocyte later in gestation. Identification of these factors or changes in the preadipocyte may provide information to permit development of strategies to regulate adipose tissue formation during specific time periods prenatally.
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